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Abstract 
This article studies the phase transformation of the metastable -Ti-Al-Mo-V-Cr-Zr alloy (Ti-1300) to disclose the morpho-
logical reason for its high strength and high fracture toughness. It has been found that its ultrahigh strength (ultimate tensile 
strength exceeds 1 400 MPa) owes mainly to the spheroidization of the -phase, while the high fracture toughness (ex-
ceeds 81 MPa·m1/2) to the special lath-shaped -particles. Compared to the needle-shaped second -articles, the coarser 
lath-shaped ones remove the stress concentration at the lath tips and consequently benefit improvement of fracture toughness. 
The article also describes shape evolution of the -particles during aging thermodynamically and kinetically, and suggests an 
optimized aging processing to achieve an ideal balance between high strength and high toughness for this alloy. 
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1. Introduction1 
Metastable -titanium alloys have found broad ap-
plications in aircraft and automotive industries thanks 
to their highly attractive mechanical properties, such as 
high strength and high fracture toughness[1]. For exam-
ple, the ultimate tensile strength (UTS) of the -21S 
titanium alloy exceeds 1 400 MPa with a good combi-
nation of high strength and high ductility[2]. 
It has been well known that metastable -titanium 
alloys are usually strengthened by aging and the me-
chanical properties of metastable -titanium alloys de-
pend on their microstructures ensured by heat treatment 
processings. For example, the UTS of Ti-15-3 alloy[3] 
decreases from 1 350 MPa to 1 050 MPa as the aging 
temperature increases from 753 K to 873 K. The frac-
ture toughness of Ti-B19 alloy[4] increases from 
65 MPa·m1/2 to 85 MPa·m1/2 as aging temperature from 
803 K to 823 K. Therefore, in order to acquire desired 
mechanical properties of metastable -titanium alloys, 
it is worth while conducting an in-depth study into the 
evolution of its microstructure during aging.  
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Previous work on aged microstructures of the me-
tastable -titanium alloy focused main attention on the 
relationships between sizes of  grains and mechanical 
properties with, however, few about the morphological 
effects of the -particles on mechanical properties. This 
article is meant to make up the deficiency and elucidate 
the evolution of -particles of the Ti-1300 alloy in aging. 
Ti-1300 alloy is a novel sort of metastable -titanium 
alloys developed by the Northwest Institute for Non-
ferrous Metal Research. Characterized by high sensitiv-
ity to the aging conditions inclusive of aging tempera-
ture and time, the aged microstructure of the Ti-1300 
alloy decides its combination of high strength and high 
fracture toughness. This is the reason that drew authors’ 
interest to conduct this investigation. 
2. Experimental Procedure 
Produced by the Northwest Institute for Nonferrous 
Metal Research, the metastable -titanium alloy, 
Ti-1300, under study was measured with the  
transformation temperature of about 1 148 K. The alloy 
ingot was first forged with a compressive deformation 
of about 65%; then solution treated at 1 073 K for 1 h 
and air cooled. After that, the forged billet was cut into 
several parts and again aged at 773 K, 793 K, and 
823 K, respectively. Each sample was held for 4 h at 
one of the aforesaid temperatures. For detailed evalua-Open access under CC BY-NC-ND license.
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tion of the phase transformation behavior, the samples 
underwent aging for 10, 30, 60 min and 90 min sepa-
rately at 793 K. The microstructures resulted from 
various aging were examined by using scanning elec-
tron microscopy (SEM). The phase-constituents were 
identified by means of X-ray diffraction (XRD). Ten-
sile and three points bending tests were undertaken to 
determine the UTS, elongation and fracture toughness 
of the samples after different aging treatments. Tensile 
tests were run on plate-shaped specimens at the room 
temperature with the strain rate of 104 s1. The speci-
men for three points bending test should be made with 
a thickness B = 3 mm, a width W = 6 mm and a loading 
span I = 27 mm, and a pre-crack with a depth of 2.7 mm.  
3. Results and Discussion 
3.1. Microstructures aged at different temperatures 
Fig.1 shows the forged microstructure of the alloy. It 
can be seen that short -laths in colonies are present on 
the -matrix. It is also noted that some continuous lay-
ers of -phase precipitate on  grain boundaries. Fig.2 
illustrates the microstructures of Ti-1300 alloy aged 
under different conditions. After aging at 773 K for 4 h, 
most primary -laths have spheroidized with some pre-
cipitated second -phase as shown in Fig.2(a). After 
 
Fig.1  SEM morphology showing forged microstructure of 
Ti-1300 alloy. 
 
(a) 773 K 
 
(b) 793 K 
 
(c) 823 K 
Fig.2  SEM morphology showing microstructures of Ti- 
1300 alloy aged at various temperatures for 4 h. 
having aged at 793 K for 4 h, a part of second -phase 
turns into needle-shape (see Fig.2(b)). The length of  
needles ranges from about 1 m to 5 m. Compared to 
the alloy aged at lower temperature, the second -phase 
aged at 823 K for 4 h appears longer and coarser with 
some longer than 10 m (see Fig.2(c)). 
3.2. Mechanical properties 
Table 1 demonstrates the variation of mechanical 
properties of Ti-1300 alloy dependent upon aging tem-
peratures. The UTS of aged Ti-1300 alloy decreases 
from 1 430 MPa to 1 320 MPa as the aging temperature 
increases, but it still reaps 24%-14% increases in UTS 
as compared to forged one, which equals only 
1 152 MPa. However, the aged alloy has lower elonga-
tion and toughness ( = 15%; KQ = 106 MPa·m1/2). 
Table 1 Mechanical properties of Ti-1300 alloy aged un-
der different conditions 
Aging treatment Properties 
Temperature/K Time/h UTS/MPa  / % KQ / (MPa·m1/2)
773 4 1 430 7 76 
793 4 1 406 5 73 
823 4 1 326 9 81 
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3.3. Morphological effects of -particles on mechani-
cal properties 
The X-ray examination reveals that the microstruc-
tures of the Ti-1300 alloy aged in different conditions 
are all consisted of + phase, (see Fig.3). In addition, 
as the aging temperature increases, the Ti-1300 alloy 
shows more noticeable differences in mechanical prop-
erties and more obvious morphological variation in the 
second -particles. Therefore, it is surmised that the 
morphology of the second -particles resulted from 
aging surely exerts influences upon the mechanical 
properties of the Ti-1300 alloy.  
 
Fig.3  X-ray diffraction patterns of Ti-1300 alloy after differ-
ent aging treatments. 
Fig.2(a) shows that after having aged at 773 K for 
4 h, there are randomly distributed spheroidized - 
particles on the -matrix. This sort of microstructure 
leads to significant increase in strength by effectively 
preventing the dislocation from free gliding. However, 
as Table 1 and Fig.2 point out, the strength would de-
cline and the second -particles would lengthen, the 
higher the aging temperature. Therefore, the lengthen-
ing of second -particles might account for the de-
crease of strength with increase in aging temperature[5].  
With the increase of the aging temperature, some 
second -particles become needle-shaped (see Fig.2(b)), 
which is more likely for the needle-shaped -particles 
to cause stress concentration at the tip than coarse sec-
ond -laths (see Fig.2(c)). Furthermore, as the stress 
concentration region is usually the source of micro- 
cracks, the cracks are much more liable to initiate at 
and propagate from the tips of needle-like -particles. 
In addition, longer second -laths could effectively 
increase the resistance to crack propagation by causing 
crack branching and zigzagging[6]. The above-cited two 
factors contribute to the good ductility and fracture 
toughness of the alloy aged at 823 K for 4 h. This con-
clusion is further supported by the fractograghs. Fig.4 
shows larger shear lip areas (see Fig.4(c)) and deeper 
dimples (see Fig.4(f)) on the fractured specimen aged 
at 823 K for 4 h in contrast to the specimen aged at 
793 K for 4 h (see Fig.4(b) and Fig.4(e)). This indicates 
that longer and coarser second -laths are beneficial to 
the ductility and fracture toughness of the alloy. 
 
(a) 773 K, 4 h 
 
(b) 793 K, 4 h 
 
(c) 823 K, 4 h 
 
(d) 773 K, 4 h 
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(e) 793 K, 4 h 
 
(f) 823 K, 4 h 
Fig.4  SEM fractographs from ruptured facture toughness 
specimens of Ti-1300 alloy after different aging 
treatments. 
3.4. Evolution of -phase during isothermal aging 
As analyzed above, it can not be doubted but that the 
morphology of -particles affect the mechanical prop-
erties; hence, in order to better control the mechanical 
properties of the alloy, it is necessary to understand the 
evolution of -phase during aging.  
The microstructures of the specimens aged at 793 K 
for different durations are shown in Fig.5, from which 
can be observed some grain-boundary -phase and  
 
(a) 10 min 
 
Fig.5  SEM morphology showing microstructures of Ti- 
1300 aged at 793 K for different durations. 
-laths intersecting each other on the -matrix (see 
Fig.5(a)). As the time increases from 10 min to 60 min, 
can be noticed coarsening of both intragranular -laths 
and grain-boundary -phase (see Fig.5(b) and Fig.5(c)). 
When the time increases further to 90 min, some - 
laths start spheroidizing (see Fig.5(d)). 
The spheroidization of -laths occurs through the 
shearing of the platelets followed by a penetration of 
-phase to complete the separation[7-9] (see Fig.6 and 
Fig.7). On the other hand, the spheroidization of 
-laths is preceded by obvious coarsening of -laths 
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(see Figs.5(a)-5(c)). This suggests that the spheroidiza-
tion is contingent on a certain increase in the size of 
-laths[10]. 
 
Fig.6  High-magnified image of Fig.4(d). 
 
Fig.7  Weiss spheroidizing modal. 
The evolution of the -phase during aging for dif-
ferent durations reveals the fact that the length of 
-particles strongly depends on the aging time. Fig.8 
shows the growth trend of the average -particle length 
D with the parameter t representing the aging time. 
 
Fig.8  Variation of -particle length with increase of aging 
time. 
4. Conclusions 
This article has discussed the relationship between 
the microstructure and the mechanical properties of 
aged Ti-1300 alloy and further studied the evolution of 
-particles during isothermal aging. The following 
conclusions can be drawn: 
(1) The spheroidization of -phase leads to signifi-
cant increases in the strength of the Ti-1300 alloy. The 
needle-shaped second -particles decrease ductility and 
toughness of the alloy, while the longer and coarser 
second -laths improve them. 
(2) By comparing the mechanical properties achieved 
in different aging conditions, Ti-1300 alloy can be ex-
pected to possess a good balance between strength and 
toughness after aging at 773 K for 4 h. 
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